We present the results of a 63 ks Chandra observation of the "supernova impostor" SN 2010da four months after it was first observed on 25 May 2010. We detect an X-ray source at ∼7σ confidence coincident with the optical location of the SN 2010da outburst. Our imaging analysis has revealed a hard central point source, surrounded by soft diffuse emission extending as far as ∼8
1. introduction Supernova (SN) 2010da was first detected as an optical transient on 24 May 2010 in NGC 300 ; the absolute magnitudes and spectrum (Elias-Rosa et al. 2010 , ATEL #2636) were subsequently found to be consistent with a luminous blue variable (LBV) outburst origin rather than a true SN explosion. Within hours of the initial optical detection, SN 2010da was observed by the Swift X-ray Telescope (XRT; Immler et al. 2010 . A bright X-ray point source with a 0.2-10 keV luminosity of (4.5 +0.9 −2.1 ) × 10 38 erg s −1 was found to be coincident with the optical position of the outburst.
LBVs represent a late phase of high mass ( 20 M ⊙ , Meynet & Maeder 2005) stellar evolution during which the star undergoes significant of mass loss (up to 10 −4 M ⊙ yr −1 ; see, e.g. Humphreys & Davidson 1994 ) via stellar winds and/or strong shell ejections. LBV eruptions are typically detected as bright optical or infrared transients, and are frequently assigned an official SN designation only to be later recognized as "impostors." X-ray emission observed during LBV eruptions is interpreted as shocks between ejected material from the erupting star and surrounding ISM (Smith 2008) or, in the case of the famous Galactic LBV η Car, winds from a companion (likely an evolved O star or Wolf-Rayet star; Verner et al. 2005; Pittard & Corcoran 2002) . Colliding-wind binaries are the brightest class of stellar X-ray emitters that do not contain a compact companion (a neutron star or black hole). The brightest X-ray luminosities observed in these systems during outburst are on the order of 10 35 erg s −1 (Guerrero & Chu 2008) , three orders of magnitude lower than what was observed by Swift during the SN 2010da outburst.
Such high X-ray luminosities are commonly observed in high mass X-ray binaries (HMXBs). HMXBs consist of a compact object primary with a secondary massive star, typically either a Be or an OB supergiant. Be/X-ray binaries (BeXBs) typically contain a neutron star in a wide, moderately eccentric orbit around a Be companion. Xray outbursts occur during periastron passage of the compact object. The majority of known HMXBs are BeXBs (∼60%, see Liu et al. 2006 , and references therein), although the true fraction of BeXBs may be higher owing to the transient nature of the sources. Supergiant X-ray binaries (SGXBs), on the other hand, consist of a compact object orbiting within the wind of a supergiant OB star. These systems show persistent X-ray emission (with X-ray luminosities of 10 35 -10 36 erg s −1 ) either from direct accretion of the stellar wind or from Roche-lobe overflow via an accretion disk. SGXBs are exceptionally rare: only a few dozen confirmed or suspected SGXBs are known in the Milky Way (Liu et al. 2006; Walter et al. 2006) , and the low number of SGXB systems is naturally explained by the short lifetimes of the supergiant companion stars.
In this Letter we report an X-ray detection of SN 2010da taken by the Chandra X-ray Observatory four months after the initial outburst and argue that SN 2010da is consistent with being an extragalactic SGXB. We describe our observations and data reduction procedures in §2. The results of our imaging, hardness ratio analysis, spectral fitting, and time evolution since the outburst are presented in §3. In §4 we argue that SN 2010da is consistent with being an extragalactic SGXB, and a summary of our results is given in §5.
We have obtained a 63 ks observation of NGC 300 using the Chandra Advanced CCD Imaging Spectrometer (ACIS-I) on 2010 September 24. The X-ray observation was reduced using CIAO version 4.3 and CALDB version 4.4.2, using standard extraction procedures. We created exposure maps for the images using the CIAO script merge all 4 . Point sources were found using the CIAO task wavdetect
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, and positions, positional errors, and 0.5-8 keV fluxes were measured for each point source, and spectra were extracted for all sources using ACIS-Extract (AE; Broos et al. 2010 Broos et al. ) version 2011 . AE is a multipurpose source extraction and characterization tool which determines source and background count rates, and calculates fluxes and source significance. SN 2010da was detected at ∼7σ significance. SN 2010da was detected at RA (J2000) = 00 h 55 m 04. s 85 and Dec (J2000) = -37
• 41 ′ 43. ′′ 5, in excellent agreement (within 0.
′′ 2) with the position reported in SIMBAD 6 four months after the outburst was first observed. The source is 3.8 ′ off-axis from the Chandra aim point. We detect a net 71 source counts in the 0.5-8 keV band. The background was estimated using an annular region, centered on the source position, extending from a radius of 25 ′′ to 30 ′′ away from the source. The 0.5-8 keV background count rate was found to be ∼ 2 × 10 −6 ct s −1 arcsec −2 . We assume a distance to NGC 300 of 2.0 Mpc (Dalcanton et al. 2009 ). All models include a column of neutral absorption fixed at the Galactic column N H,Gal of 4.09 × 10 20 cm −2 (Kalberla et al. 2005 ). All spectral fitting was performed in XSPEC (Arnaud 1996) v.12.6.0q. We use C-statistics in lieu of traditional χ 2 statistics due to the low number of source counts. Errors correspond to the 90% confidence level. In addition to reporting the C-statistic per degrees of freedom (C/d .o.f .) for each spectral model, we used the XSPEC command goodness to perform 10 4 Monte Carlo realizations of the SN 2010da spectrum using our best-fit model. The command returns the percentage of simulated spectra that had a fit statistic less than that obtained from the fit to the real data -a value of ∼50% indicates the best-fit model is a good representation of the data. Percentages much smaller than 50% indicate the data is over-parameterized by the model, and percentages much higher than 50% indicate the model is a poor fit to the data. We denote the Monte Carlo goodness-of-fit percentage as M C.
To derive an X-ray luminosity light curve, we supplement our measurements with archival X-ray data. The mid-outburst Swift XRT observations for SN 2010da are publicly available from the UK Swift Science Data Centre Evans et al. 2009 ), where data products (i.e., spectra and light curves) are automatically generated. SN 2010da was detected by XRT at RA (J2000) = 00 h 55 m 05. s 02 and Dec (J2000) = -37
• 41 ′ 44. ′′ 5 with ∼270 counts. We use archival XMM-Newton images containing the SN 2010da progenitor within the field of view to estimate the 3σ upper limit on the precursor X-ray luminosity using the FLIX web interface 8 . The upper limits determined by FLIX are found using the algorithm described in Carrera et al. (2007) .
results

Imaging and Hardness Ratios
Our Chandra observation was divided into three images consisting of different energy bands: "soft" (0.5-1 keV), "medium" (1-2 keV), and "hard" (2-8 keV). Each image was adaptively smoothed using the CIAO task csmooth 9 . Figure 1 shows a smoothed, RGB rendering of SN 2010da, with the source position and extraction radius (∼2 ′′ ) determined by AE superimposed. The extraction radius encompasses a hard point source, with extended soft emission.
We see evidence for a ring of soft X-ray emitting gas out to ∼2 ′′ (∼20 pc) surrounding the central point source, with additional diffuse emission extended as far as ∼8 ′′ (∼70 pc) north. The largest possible sphere of influence of the initial outburst would have a radius of only ∼0.1 pc, indicating the diffuse emission is the result of previous activity at earlier times in the system's evolutionary history. The size and shell-shaped structure of the diffuse emission is reminiscent of a supernova remnant (SNR). We therefore calculate the hardness ratio of the diffuse emission, using the definition from Prestwich et al. (2003) and the Plucinsky et al. (2008) catalog of SNRs in M 33:
where S is the soft 0.35-1.1 keV band, M is the medium 1.1-2.6 keV band, and H is the hard 2.6-8.0 keV band. The diffuse emission has a HR = −0.4; using the best-fit temperature of SNRs in M 33 (kT ∼ 0.6 keV), we estimate a 0.35-2 keV luminosity of ∼ 6 × 10 35 erg s −1 . The luminosity, hardness ratio, and size of the diffuse emission are all consistent with being a SNR; however, with only ∼10 net counts, we are unable to perform detailed spectral fitting to confirm this scenario. We examined public Hα imaging of NGC 300
10 . There is a bright Hα knot coincident with the tip of the shell, ∼8
′′ north of SN 2010da. We find no obvious, bright Hα emission coincident with the soft X-ray shell, making the source of the soft X-ray emission difficult to reliably classify.
We use the same energy bands described above to calculate the hardness ratio for the hard, central X-ray point source. We find HR = 0.21 ± 0.02. Optical and infrared observations of the SN 2010da progenitor suggest the source was heavily absorbed, with A V > 12 mag of extinction (Berger & Chornock 2010 . While significant intrinsic absorption would explain the hard spectrum of SN 2010da, observations with the Swift Ultraviolet/Optical Telescope (UVOT) during the outburst showed the source was not heavily reddened , ATEL #2633), indicating that much of the dust enshrouding the progenitor was destroyed during the outburst. We discuss the level of intrinsic absorption in SN 2010da in more detail in the next section.
Given that SN 2010da appears to be a LBV centered on a SNR, we estimate the probability of a chance superposition using similarities in mass and star formation history between NGC 300 and M 33. We compared the locations of 37 LBVs (Massey et al. 2007 ) with 137 SNRs (Long et al. 2010) in M 33 and found no known M 33 LBV falls within a radius of less than 3 ′ of an M 33 SNR, suggesting that SN 2010da is not a chance superposition.
We also assess the probability of a chance superposition using NGC 300 itself. NGC 300 covers an area of ∼23 arcmin 2 ; if we assume there are ∼40 LBVs and ∼140 SNRs, the density of LBVs is 1.7 arcmin −2 and the density of SNRs is 6 arcmin −2 . Therefore, a chance superposition within an area of 200 arcsec 2 has a probability of ∼ 4 × 10 −4 . This probability is a lower limit, since both types of objects would be of higher density in the star forming regions. Since no known LBV are associated with a SNR in M 33 inside an area of ∼0.5 deg 2 , a reasonable estimate of the upper limit of the probability of a chance superposition is 0.2%.
Spectral Fitting
X-ray emission originating from a colliding-wind binary would produce relatively soft thermal plasma spectrum. We therefore attempted to fit our 0.5-8 keV spectrum with a thermal plasma model (kT = 10 keV), but found the fit unacceptable (C/d .o.f . = 321/511 with M C = 100%). Allowing the temperature, abundances, or both to vary does not improve the goodness of the fit, and all twotemperature thermal plasma models over-parameterize the data.
The best-fit spectral model from the Swift Data Centre pipeline is a power law with Γ = -0.03 38 erg s −1 at the time of the outburst. To directly compare our post-outburst observation with the Swift spectrum, we model the 0.5-8 keV spectrum with a power law and find a statistically acceptable fit with Γ = 0.15±0.42, with C/d .o.f . = 276/511 and M C = 58%. We estimate an unabsorbed 0.3-10 keV flux of (4.5±2.5)×10 −14 erg cm −2 s −1 , corresponding to an unabsorbed luminosity of (2.4±1.3)×10 37 erg s −1 . While a power law fit with Γ ∼ 0 is statistically acceptable, it is not physically motivated. When we include 12 mag of extinction (as found by Berger & Chornock 2010, ATel #2638), we find Γ = 2.18 +0.62 −0.64 with C/d .o.f . = 297/510. However, M C = 99.81% and the fit residuals are poor, indicating an unacceptable fit. We find an absorbed disk black body model shows a similarly unacceptable fit to the data.
Observations of many Galactic SGXBs have shown the spectra to be consistent with a black body, with typical temperatures ranging from 1.6-1.9 keV (Sidoli et al. 2009 ). To test whether SN 2010da is consistent with being a windfed SGXB, we next use the bbody model in XSPEC. We find a best-fit temperature kT = 1.79
+0.66
−0.43 keV, with an unabsorbed 0.3-10 keV luminosity of 1.7 +0.2 −0.5 × 10 37 erg s −1 and C/d .o.f . = 274/510. The model does not significantly over-parameterize the data, with M C = 67.88%. We find no evidence for absorption beyond the Galactic column, consistent with the majority of dust being destroyed during the outburst. The results of the spectral fitting are summarized in Table 1 , and the best-fit spectral model and residuals are shown in Figure 2. 
Time Evolution
We can further constrain the nature of the SN 2010da X-ray source using its time evolution. Multicolor optical photometry of SN 2010da in B, V , R, and I filters was obtained during the outburst (Bond 2010 and nine days later , ATel #2660) on the SMARTS 1.3m telescope at Cerro Tololo using the ANDICAM camera. We calculate the e-folding time for each optical filter and the X-ray emission. We use the Xray luminosity derived from the unabsorbed Γ ∼ 0 spectral model for both the Swift and Chandra observations to ensure the luminosity change is not due to a change in assumed spectral model between observations. We find e-folding times since the outburst for X-ray, B, V , R, and I bands to be 41, 13, 18, 20, and 11 days, respectively. Compared to the decay rates of the optical magnitudes, the X-ray emission decay rate is significantly slower.
For comparison, we use optical monitoring from Fernández-Lajús et al. (2009) and X-ray RXTE monitoring from (Corcoran et al. 2010 ) to compute decay rates for η Car. We find e-folding times for X-ray, B, V , R, and I bands to be 71, 270, 220, 180, and 180 days, respectively -nearly a factor of 2 longer in the X-rays than SN 2010da, and ∼10-20 times longer in the optical.
We have searched the XMM-Newton archive to constrain the level of X-ray emission of the SN 2010da progenitor. We use FLIX to retrieve the 3σ upper limits on the 0.3-10 keV flux of the SN 2010da progenitor. During all four observations, the 3σ upper limit of the unabsorbed 0.3-10 keV luminosity is estimated to be ∼ 3 − 9 × 10 36 erg s −1 , two orders of magnitude lower than the observed outburst X-ray luminosity and ∼3 times lower than its current luminosity. These estimates are relatively insensitive to our choice of spectral model, and including heavy absorption as observed in the progenitor system changes our luminosity estimates by less than 20%. Figure 3 shows all available X-ray data for SN 2010da and the progenitor system, including the 3σ upper limits derived from the archival XMM-Newton images.
Assuming our calculated X-ray e-folding time for SN 2010da, we expect SN 2010da to return to a "quiescent" state of 10 36 erg s −1 in 8-9 months. This relatively slow rate of X-ray luminosity decay suggests that another source of X-ray emission keeps the X-ray luminosity high even as the massive star returns to a quiescent state. A wind-fed SGXB system naturally explains the time variability of SN 2010da -the X-ray luminosity generated by the compact primary sharply increases as the secondary undergoes an outburst.
sn 2010da: a supergiant x-ray binary?
The best-fit black body spectrum of SN 2010da is consistent with the observed X-ray emission originating from known Galactic wind-fed SGXB. The X-ray luminosity of the progenitor system (less than 8 × 10 36 erg s −1 ), as well as a sharp increase in X-ray emission coincident with an increased mass-loss rate of the secondary, further supports the SGXB scenario. We can roughly estimate the mass of the LBV assuming the SN 2010da outburst occurred when the massive star reached its Eddington limit, defined as L Edd = 3.3×10
The outburst optical luminosity is inferred from optical magnitudes to be ∼ 10 6 L ⊙ , and the SED of SN 2010da nine days post-outburst can be modeled as a black body with a luminosity of ∼5.5×10 5 L ⊙ . We therefore estimate the mass of the LBV to be ∼ 20 − 30 M ⊙ . Assuming that the star has a quiescent absolute V -band magnitude of -8.6 and B − V = 0.4 (roughly the values measured ∼1-2 weeks after outburst), we use the isochrones of Girardi et al. (2002) to estimate the mass of the LBV to be roughly 24 M ⊙ , consistent with the Eddington limit estimates. We note that this estimate does not use the true quiescent magnitudes of the system, and the uncertainties in the current level of dust extinction may affect our mass estimates. Better constraints on the quiescent optical luminosity are needed to refine our mass estimate.
Optical and IR observations of the SN 2010da progenitor showed a clear mid-infrared (MIR) excess, with an intrinsic absorption of A V > 12 mag (N H 4 × 10 22 cm −2 ) required to explain the non-detection of the source at optical wavelengths. The SED of the progenitor system was well-described by a black body, with T d = 890 K and R d = 22R ⋆ . Rahoui et al. (2008) combined optical, near-infrared (NIR), and MIR photometry for 12 well-studied Galactic SGXBs to perform spectral energy distribution (SED) fitting. These sources exhibited heavy intrinsic absorption and MIR excess and were well-described by a simple stellar black body model with a cocoon of dust and/or cold gas enshrouding the system (three sources required an additional warm dust component); typical dust temperatures and radii were found to be T d ∼ 800 − 1100 K and R d ∼ 10R ⋆ . Observations of the SN 2010da progenitor are therefore consistent with observations of Galactic SGXBs.
summary
We present the results of a 63 ks Chandra observation of the LBV SN 2010da, four months after it was initially detected on 24 May 2010. We detect an X-ray source at ∼7σ confidence coincident with the optical location of the SN 2010da outburst. Our imaging analysis has revealed a hard central point source, surrounded by soft diffuse emission extending as far as ∼8
′′ north of the central source. The hardness ratio (HR = −0.4), luminosity (∼ 6 × 10 35 erg s −1 ), and size (∼ 20 pc) of the diffuse emission are all consistent with being a typical SNR in M 33 (Plucinsky et al. 2008 ). However, with only ∼ 10 net counts, detailed spectral modeling to confirm a SNR origin of the X-ray emission is impossible.
The central point source exhibits significantly harder Xray emission, with HR = 0.21. While optical and infrared observations of the SN 2010da progenitor was heavily extincted, with A V > 12 mag, optical and ultraviolet observations during the outburst indicate that much of the absorbing dust was destroyed during the outburst. Our preferred spectral model is a black body (kT = 1.79 +0.66 −0.43 ) with no intrinsic absorption beyond the Galactic column. We estimate the 0.3-10 keV luminosity to be 1.7 +0.2 −0.5 × 10 37 erg s −1 , a factor of ∼25 decrease since the initial outburst four months previously. We use archival XMM-Newton images to constrain the 3σ upper limit X-ray luminosity of the progenitor to be 3 − 9 × 10 36 erg s −1 . A deep follow-up X-ray observation, sensitive to a limiting luminosity of a few 10 35 erg s −1 (like the observation we have obtained here) would be capable of verifying the quiescent X-ray luminosity of this system, confirm the SGXB origin of the X-ray emission, and may provide further evidence for a supernova remnant origin of the diffuse emission. Time-resolved optical spectroscopy of the massive star may confirm the presence of a compact object primary and provide constraints on the masses and orbital parameters of this system, and optical and infrared photometric monitoring could constrain the rate of dust regeneration in the system. This work made use of data supplied by the UK Swift Science Data Centre at the University of Leicester and the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. B. B. and B. F. W. acknowledge support from Chandra grant GO1-12118X. T. J. G. and P.P.P acknowledge support of NASA Contract NAS8-03060. The authors would like to thank M. Eracleous and E. Skillman for helpful comments on early drafts of this manuscript. 
